ABSTRACT: We reconstruct englacial and subglacial drainage at Skálafellsjökull, Iceland, using ground penetrating radar (GPR) common offset surveys, borehole studies and Glacsweb probe data. We find that englacial water is not stored within the glacier (water content~0-0.3%). Instead, the glacier is mostly impermeable and meltwater is able to pass quickly through the main body of the glacier via crevasses and moulins. Once at the glacier bed, water is stored within a thin (1 m) layer of debris-rich basal ice (2% water content) and the till. The hydraulic potential mapped across the survey area indicates that when water pressures are high (most of the year), water flows parallel to the margin, and emerges 3 km down glacier at an outlet tongue. GPR data indicates that these flow pathways may have formed a series of braided channels. We show that this glacier has a very low water-storage capacity, but an efficient englacial drainage network for transferring water to the glacier bed and, therefore, it has the potential to respond rapidly to changes in melt-water inputs.
Introduction
The glacial hydrological system modulates ice dynamics and is, therefore, a vital component in understanding how glaciers respond to climate change (Mair et al., 2002; Copland et al., 2003; Clarke, 2005) . Glacier motion occurs via mechanisms of ice deformation, sliding and the deformation of subglacial sediments, all of which are influenced by the presence of meltwater. A glacier's hydrological system encompasses water flow and storage through englacial and subglacial environments (Fountain and Walder, 1998; Jansson et al., 2003) , both of which may vary spatially and temporally Bindschadler, 1986, Mair et al., 2003; Rose et al., 2009) .
Studies have shown that the englacial system comprises water within a series of connected and disconnected, centimetre to decimetre sized voids (Pohjola, 1993; Murray et al., 2000) , crevasses, or moulins (Nienow et al., 1998; Fountain et al., 2005) . The latter two can readily drain water from the glacier surface to its bed (Zwally et al., 2002; Das et al., 2008; Benn et al., 2009) . At the ice-bed interface, the subglacial system is composed of connected channelised networks (Röthlisberger (R)-channels (Röthlisberger, 1972) and Nye channels (Nye, 1973) ) and less well connected broad and shallow Hooke channels (Hooke et al., 1990) , water films, canals (Walder and Fowler, 1994) , cavities and 'microcavities' (Kamb, 1991) . Water may also flow within subglacial till, where present (Boulton and Jones, 1979) . Fountain and Walder (1998) and Gulley et al. (2009) argue that water transfer through the glacial hydrological system is characterised as either 'fast' or 'slow' flow. The former occurs via englacial crevasses (Fountain et al., 2005) , conduits Gulley et al., 2009) , and subglacial R-channels (Fountain and Walder, 1998) . The latter through connected englacial voids and subglacial linked cavities and Hooke channels (Willis et al., 1990) .
Typically, a temperate glacier constitutes four different components: ice, water, debris and air; the relative proportions of these elements may modulate the behaviour of ice. In a glacier, air can be found at the micro-scale within the ice crystal lattice and at the macro-scale as larger centimetre to decimetre sized englacial air pockets. Temperate glaciers are subject to surface melt and surface precipitation, which provide sources of water to the englacial hydrological system. At the bed, water may be generated as a result of pressure melting, frictional melting and englacial inputs.
Typical water contents reported from ground penetrating radar (GPR) surveys of temperate glaciers range from 0-9% (Macheret and Glazovsky, 2000; Pettersson et al., 2003; Murray et al., 2007) . The quantity and distribution of this stored water is important because water content has a strong influence on ice rheology (Duval, 1977) , affecting the contribution (rate and amount) of internal ice deformation to net glacier motion. These effects are difficult to predict because water content often varies spatially (Macheret and Glazovsky, 2000; Murray et al., 2000) and temporally (Jacobel and Raymond, 1984; Macheret and Glazovsky, 2000; Irvine-Fynn et al., 2006; Kulessa et al., 2008) .
In addition, temperate glaciers typically have a debris-rich basal ice layer (0.1-10 m thick) that is characterised by an elevated water content (Hart and Waller, 1999; Lawson and Elliott, 2003) . This occurs as water molecules form a microscopic layer around sediment particles within the ice (Carol, 1947; Hooke et al., 1972) . Then water held between the debris/ice layers acts as a lubricant that enhances sliding along these layers (Echelmeyer and Wang, 1987; Cohen, 2000) . In turn, the higher water content of the debris-rich layer affects ice rheology and creep rates, whereby creep rates generally increase with water content (Duval, 1977) .
Here, we use GPR to calculate the reflectivity of the bed, which together with borehole water-level behaviour and theoretical drainage reconstruction can be used to infer the location and morphology of basal conduits. Our specific objectives were to:
• calculate glacier water content and thereby establish the potential for englacial water storage and ice rheology;
• determine basal reflection strength along GPR transects, in order to map potential subglacial fast flow drainage pathways; • calculate hydraulic potential for the study site; and • combine these results with those from subglacial in situ monitoring, to present a conceptual hydrological model for Skálafellsjökull.
Field site and Methodology
This study was undertaken at Skálafellsjökull, Iceland, an outlet glacier of the Vatnajökull icecap (Figure 1) . The glacier has an area of approximately 100 km 2 and is 25 km in length (Sigurðsson, 1998) . The bedrock is Upper Tertiary grey basalts with intercalated sediments consisting of oxidised palaeosols and/or tephra layers (Jóhannesson and Saemundsson, 1998) .
The study site was located on the southern side of the Skálafellsjökull glacier at an elevation of 792 m (a.s.l.) (Figure 1) . Here, ice flows south-east towards a local tongue (named Sultartungnajökull), where a large subglacial river emerges from the glacier bed. The study site was divided into two areas, the main study area (hereafter, Site 1) and the smaller eastern study area (hereafter, Site 2).
Data were collected over a series of summer field seasons between 2008 and 2013. GPR surveys were used to map the underlying topography, the internal structure of the ice and to calculate the composition of ice, air, water and debris within the glacier, as well as calculate the reflectivity of the bed. We use these data, in combination with borehole observations and in situ subglacial instrumentation and theoretical drainage reconstructions to reconstruct the glacier's hydrological system.
Sedimentology
Overlying the bedrock is a basalt-rich till, which is composed of numerous large boulders within a very fine matrix (less than 2000 μm) with a mean grain size 53 μm. Grain size was determined through a combination of dry sieving and laser granulometry, and examined with the GRADISTATv5 programme Pye, 2001, 2006) and, in particular, using the Folk and Ward method (1957) . Small push moraines (<1 m high), are found adjacent to the ice reflecting former glacial marginal positions. Numerous debris bands are evident within the glacier ice and the majority of outcrops are located at the glacier margin. A sample of debris-rich ice was collected close to the margin (in order to determine its debris composition and concentration).
Glacier survey and instrumentation
In 2008 and 2011 survey grids were established on the glacier surface at Site 1 (Figure 1(c) ). These grids encompassed an area of~200 × 50 m and were used as the basis for further investigations (as described below). Site 1 was also resurveyed over a larger area (600 × 300 m) in 2012. In 2013, Site 2 (500 × 50 m) was surveyed (Figure 1 In order to examine the glacier body and instrument the subglacial environment, boreholes were drilled along GPR transects and within the survey grids with a Kärcher HDS1000DE hot-water drill (Figure 1(c) , circles). Videos were filmed in each borehole with a custom made infra-red (900 nm) CCD camera to assess the internal ice structure and glacier bed. Borehole depths were measured with the drill hose and cross-checked against the known camera cable length. In 2008, till was collected from the base of the boreholes with a subglacial sediment sampler attached to a subglacial percussion hammer (Blake et al., 1992) . The locations of the survey grids and boreholes were recorded using a differential GPS (dGPS). The three dimensional aspects of the glacier were determined from surface dGPS heights, IS 50 V Landmaelinger Íslands data, CNES spot data, measured borehole depths and GPR surveys.
In 2008, the subglacial environment was instrumented using Glacsweb wireless probes (16 cm long, axial ratio 2.9:1) , set within an environmental sensor network (ESN) Martinez and Hart, 2010 ; Figure 2 ). The probes were installed, via boreholes, into the underlying till, which was hydraulically excavated (Blake et al., 1992) by maintaining the jet of hot water from the drill at the borehole base for an extended period of time. Once lowered into this space, the till subsequently closed in around the probe . Probe micro-sensors measured temperature, water pressure, probe deformation, conductivity, and tilt (Table I) . Here, only water pressure and temperature results are discussed (specific details of the system are described in Martinez et al. (2009) . Data were collected every hour and then transferred daily, via radio communications, to a base station located at the glacier surface (Figure 2 ). The base station was equipped with a weather station and dGPS capabilities. It relayed these and probe data once a day, via GPRS (mobile phone), to a web server at the University of Southampton. The ESN operated from August 2008 to August 2013, inclusive of intermittent periods when the system was disconnected or subject to power failure. When interrupted, weather data were obtained from the nearest national station at Höfn and a transfer function was applied to compute any data gaps. A local dGPS base station (for differential correction) was also mounted on a café situated~1 km from the study site.
GPR survey
Common offset (CO) surveys were carried out over the survey grids at Sites 1 and 2 (Figure 1 ), using a Sensors and Software Pulse Ekko 100 with a 1000 V transmitter system and 50 MHz antennas. A 2 m antenna spacing and 0.5 m sampling interval were used for the CO survey. A custom built sledge was constructed to hold the antennae at the correct distance apart and allow the system to move along the grid transects more readily.
GPR processing
A series of standard processing steps were applied to the CO survey data using the software package ReflexW. Low frequency noise was eliminated (de-wow filter) and a SEC (spreading and exponential compensation) gain was applied to compensate for signal loss with depth. Next a diffraction stack migration and topographic correction were applied. Finally, the ice-bed interface was identified manually in radar echograms from a clear strong reflector. It was then possible to calculate the radar-wave velocity in the whole ice column (v) by comparing the depth of the glacier bed in radar Figure 2 . Glacsweb environmental sensor network system. 
(see Table II for explanation of all symbols used for this and all subsequent equations). Subsequently, the GPR data were analysed in order to:
• determine glacier water content by calculating the relative proportions of ice, air, water and debris within the glacier and permittivity changes in the GPR data. These data were then used to calculate the flow parameter in the Nye (1952) creep law; • map the spatial distribution of subglacial water bodies by calculating the radar basal reflection power; • produce a map of subglacial hydraulic potential to compare with the distribution of radar basal reflection intensities, in order to determine the most likely locations of subglacial water bodies and the structure of the subglacial drainage system.
Water content
The composition of ice (i), water (w), debris (d) and air (a) within a glacier can be determined according to the permittivity of the glacier body (ε m ). This varies as a function of dielectric permittivities (ε x ) of xth components with a volume portion (f x ) (Sihvola et al., 1985) , as follows:
In this case y =1/4 and the permittivity (ε m ) of the mixture is:
Based on the work of Looyenga (1965) , Macheret et al. (1993) and Macheret and Glazovsky (2000) , permittivity can be rewritten as:
This demonstrates that total permittivity reflects the sum of the components ice, water, debris and air. Alternatively, the Looyenga (1965) model uses three components (ice, air water) (z =1/3 in Equation (1)) and assumes that the total void space is water filled, in order to estimate water content (w), as follows:
Although Endres et al. (2009) have argued that this model slightly underestimates water content, this is the most commonly used mixing model and so is useful for comparison with other studies (Macheret et al., 1993; Murray et al., 2000; Hausmann and Behm, 2011) . We can, therefore, use this method to determine at least a minimum value for water content within the main body of the glacier.
It is also possible to calculate the radar velocity through the debris-rich ice by knowing the composition of the debris and its concentration (assuming a two component model of ice and debris, Lichtenecker (1926) , after Zakri et al., 1998):
The air within the glacier will be stored either as small bubbles within the ice and/or as larger scale features such as cavities or crevasses. Bradford et al. (2009) have calculated how the bubble content of ice decreases with depth, as follows:
Then they use a three-component CRIN (complex refractive index method) equation (Wharton et al., 1980) to calculate water content with depth:
Using Equation (6), we use the GPR data to calculate the distribution of air content within the glacier, and use this value in Equation (7) to calculate a depth averaged maximum water content.
It is then possible to determine the effect of water content on the flow parameter in the creep law (A) (Duval, 1977) , as follows:
This could be used in the shallow approximation model (Nye, 1952; Paterson, 1994) , (which ignores longitudinal and transverse stresses) to estimate the proportion of ice flow solely from internal deformation (U c ):
Basal reflection
Numerous researchers (Winebrenner et al., 2003; MacGregor et al., 2007; Matsuoka et al., 2010; Jacobel et al., 2009 Jacobel et al., , 2010 have shown that the power of electromagnetic energy returned from the subglacial interface is determined by three factors: the dielectric properties of the reflector (the basal reflectivity) (R), losses due to geometric spreading (which are related to glacier depth), and losses due to dielectric attenuation within the ice (L a ). These factors are represented as:
Most researchers take the log 10 of both sides of Equation (11) and calculate one-way attenuation rate N a , which is related to L a by:
Dielectric attenuation, which is primarily a function of ice temperature and impurity content, can be calculated using three methods:
where
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iii. where the reflection is not constant along the transect (MacGregor et al., 2007) a graphical method can be used (all values of relative bed echo returned power (corrected for inverse square losses) are plotted against depth). Power (P r ) values are obtained by summing the squared amplitude under the bed echo wavelet (Gades et al., 2000) :
L a is found from a nonlinear least-squares fit and then is converted to a depth-averaged attenuation rate using Equation (12).
We take the mean attenuation value from these three methods, and apply this as the best-fit line to the data (returned power vs depth). The distance from the fitted line is a measure of relative basal reflectivity (R) for each point (Jacobel et al., 2009 (Jacobel et al., , 2010 .
Hydraulic potential
The glacier depths determined within both study sites were used to make a realistic estimate of glacier depths in the surrounding area. With this information a map of subglacial hydraulic potential (Φ) was created using the method outlined by Willis et al. (2012) , adapted from Shreve (1972) and Rippin et al. (2003) , as follows:
where k is the ratio of water pressure to ice overburden (P w /P i ). When k = 0, water pressure is at atmospheric pressure and when k = 1, water pressure equals ice overburden pressure (P w = P i ). We calculated eleven steady-state subglacial water conditions from k = 0 to k = 1 at increments of 0.1 k, over sixty 250 m × 250 m grid squares, across the southern part of the glacier. The map of hydraulic potential produced was then compared with the distribution of radar basal reflection power (see below) to determine the most likely locations of subglacial water bodies.
Results and Discussion
Glacier survey and instrumentation A series of englacial debris bands, approximately 1 m thick, were identified at the glacier surface. Bands typically comprised 4 to 10 thin clast layers, approximately 1-2 cm thick. The majority of clasts measured less than 1 cm in length (aaxis). In places, the debris included angular reddish-brown clay-rich clasts sourced from outcrops of reddish-brown clays (derived from Tertiary oxidised palaeosols and/or tephra layers) common to the local area. Given the location, geometry and concentration of the debris bands we estimate the glacier body (within the main study area) had a debris concentration of approximately 0.5%. Towards the margin the number and density of these debris bands increased as debris-rich ice at or close to the base of the glacier became exposed at the glacier margin. The depth of this layer varied along the margin, from approximately 0.5-2.0 m (taking the angle of the outcrop into account). The sediment concentration within this debris-rich ice was 13% by weight.
Borehole depths ranged between 57 m and 86 m (Table III) . Most boreholes remained water filled each year both during and after drilling. Video images of these water filled boreholes showed a very similar pattern of homogeneous ice with either debris and till at the base (however images from the ice base were poor, due to fine sediments from the till). There were very few fractures, voids or conduits visible in the ice.
In contrast, the images from those boreholes that drained during drilling were clearer and more varied. In borehole 2008/2, approximately 1 m above the base, the drill entered an ice-floored cavity (size greater than the field of view of the camera), where the borehole drained. The drill then passed through a further approximately 0.3 m of debris-rich ice before then reaching till. We interpret this cavity as a pre-existing feature, probably an englacial conduit, close to where it meets the subglacial system.
In borehole 2008/5, the drill entered a cavity (approximately 1.5 m deep, area greater than the field of view of the camera) where the borehole drained. This cavity had a till base (with boulders) and debris-rich ice on the sides. Blocks of debris-rich ice, which must have been detached from the cavity roof or walls, were also visible. We interpreted this feature as a basal cavity. In borehole 2011/4, video footage recorded fast moving water in one direction. The velocity of the water was estimated to be >0.1 m s -1 from the video footage by tracing the movement of particles across the different frames. From this we inferred the presence of a drainage pathway.
Till samples were extracted from five boreholes in 2008 from a range of depths and locations (Table III) . These findings, in combination with the video evidence for till at the base of all the boreholes (apart from 2011/4 where a drainage pathway was observed), suggest that till covered the majority of the glacier bed in the study area.
Six probes were deployed at the base of boreholes in 2008 (Table III) , and four returned data for longer than 3 days (see Table IV , with an error of 2.75% (s.d. as a percentage of the mean). This is the same as the error discussed in detail by Barrett et al. (2007) . The small standard deviation implies that the boreholes were relatively straight and thus, represented the true ice thickness. This mean value was used to calculate the depth of the glacier in 2013.
Evidence from the boreholes and the glacier margin indicated the presence of a thin (but variable) layer of debris-rich ice at the glacier base. We have used an average value of 1 m for subsequent calculations. The debris is mostly composed of basalt, whose constituents are pyroxene, which has a dielectric constant of 8.5 (Olhoeft, 1989; Martinez and Byrnes, 2001 ). Given that debris-rich ice has a debris concentration of 13%, the calculated radar-wave velocity (using Equation (5) . This is similar to values derived for debris-rich ice (0.153 m ns -1 ) (Arcone et al., 1995) and massive silty ice in permafrost (0.156 m ns -1 ) (Arcone and Delaney, 1989) .
Water content of glacier layers
The glacier is composed of two layers, the main body and a thin (1.0 m) debris-rich ice layer. Although there is a wide range of measured radar-wave velocities within glaciers, the normal value for temperate ice is 0.168 m ns -1 (Davis and Annan, 1989; Macheret and Glazovsky, 2000) . Values lower than this suggest high glacier water contents (Macheret et al., 1993) and/or the presence of debris (Arcone et al., 1995) . Higher values indicate very low/zero water contents and the presence of air pockets, such as crevasses, drained conduits, cavities and air bubbles (Moorman and Michel, 1998; Bradford et al., 2009) .
We can calculate the relative proportions of air, ice and water (Equation (4)) in the two zones (Table V) . In the lower debrisrich layer, we apply the technique of Macheret and Glazovsky (2000) , and use the calculated permittivity (ε m ) of the mixture, the known debris content and assume that all the voids are filled with water. This suggests a maximum water content of 2%.
In the main part of the glacier, we use the Looyenga (1965) model to calculate minimum water content, which is zero (since the radar-wave velocity is greater than 0.168 m ns -1 ). Using Equation (4), we can use the measured mean radar-wave velocity to estimate glacier air volume as 10.5% (+3.5/-2.0%).
Trapped air bubbles may occupy 15-20% ice volume in the upper layers of a glacier (West et al., 2007; Bradford et al., 2009 ), but there is a significant decrease in bubble content with depth (Bradford et al., 2009) . Bradford et al. (2009) showed that air content may decrease from 10% at the surface to <5% at 10 m below the surface. We use our calculated air content value of 10.5% at the surface, to calculate the average bubble content over the whole glacier thickness (Equation (6)). From this, we can estimate that 35% of air was stored within air bubbles and 65% in larger-scale cavities and moulins (macroporosity).
It is very likely that temperate ice contains a small amount of water at the ice grain boundaries (reported up to 1.4% in the laboratory; Raymond and Harrison, 1975) . We then calculate maximum water content by using the largest uncertainty values of measured ice radar velocity and calculated air content in Equation (7), but inserting a combined ice and debris value calculated from Equation (5) into the 'ice' values (Table V) . This gives a maximum water content of 0.03%.
Effect of water content on the flow parameter in the creep law
The water content results (Table V) ). However, the combined effect of the two layers gave a flow parameter of A = 0.20 yr -1 bar -3
, which is very similar to the rate determined by Paterson (1994) ).
Basal reflectivity Figure 5 . Following Jacobel et al. (2010) , these values are then plotted as a histogram and three peaks are identified ( Figure 6 ). The lowest peak (< -3 dB) reflects dry till or bedrock, the main central peak (-3 to 10 dB) indicates wet till, and the high peak (>10 dB) represents a water body.
We calculate the relative percentage of each bed type over the area surveyed both in 2008 and 2011 (Table VII) . The location of high values of R along the GPR transects are shown in Figure 7 (a) (red and black boxes). These areas are interpreted as water bodies, which vary in width along the transect from 0.5-15 m (average of 3 m). This is validated by borehole video footage, which showed evidence of subglacial water flow at Borehole 2011/4 (Table III; Figs. 1(c) and 7(a)). These water bodies were found in a similar location in both years. (6), iii = calculated from Equation (5), iv = assuming all voids are filled with water, v = calculated from Equation (4) (using iii), vi = calculated from Equation (4) (using iv), vii = calculated from Equation (7), viii = calculated from Equations (6) and (8). or more likely a series of interconnected 'braided' channels (Hock and Hooke, 1993) . There may also be disconnected elements, such as cavities, in regions where flowing water was not observed, but is inferred from high R values.
Subglacial hydraulic potential
The results of the theoretical hydraulic potential analysis are shown in Figure 8 . At high values of k (>0.5), there is a very high hydraulic potential gradient across the glacier bed from north-west to south-east. At intermediate values of k (0.3-0.5) there is a weaker hydraulic potential gradient from north-west to south-east. At low values of k (<0.3) the gradient is dominantly oriented north-east (downslope). In comparison, the values of k derived from probe water pressures, in both summer (k=0.76) and winter (k=0.66), indicate that water would flow from west to east (see also Figure 3 , Table IV ). This was also shown by the GPR results. It is only during short periods in the winter 2009/2010 that the probe k values drop below 0.3 and water flow may be diverted towards the glacier centre. 
Hydrological Model
We now bring these analyses together to discuss englacial water flow, the effect of subglacial debris on ice rheology, and the location and form of subglacial drainage pathways.
Englacial water flow
The GPR survey of Skálafellsjökull showed that the glacier comprised two distinct layers: the main body of the glacier with 0-0.3% water content and 10.5% air content; and a lower debrisrich basal ice layer, with a 2% water content. The data also showed two contrasting patterns. First, the main body of the glacier had a low water content and a high macro-porosity, where 65% of air content was associated with crevasses and moulins. These characteristics have rarely been described from temperate glaciers. Second, on drilling the boreholes, most borehole water did not drain, either englacially or subglacially, which implies that the drainage system was poorly connected. Traditionally, low drainage connectivity might imply a high degree of water storage due to a reduction in water transfer capabilities. However, the low water content determined for the glacier suggests that water was unable to 'leak' into englacial voids due to poor network connectivity. Video evidence also showed that the glacier had few visible englacial voids, fractures or conduits. Thus, we infer that the glacier was not substantially permeable, and that any water was concentrated in major drainage pathways, such as crevasses and moulins, that linked directly to the bed.
The high macro-porosity of the main glacier body facilitates a the development of a 'fast' englacial drainage system, allowing surface water to pass very efficiently through the glacier and reach the bed (Catania et al., 2008; Das et al., 2008; Hart et al., 2011b; Sugiyama et al., 2011) . Such conditions are commonly associated with enhanced glacier sliding (Iken et al., 1993; Zwally et al., 2002) , since there is a localised rapid transit rate and little or no englacial storage.
Once the surface melt reaches the debris-rich ice, the higher water content of this layer suggests that englacial water can be stored there. The storage may comprise connected microscopic water layers around particles within the ice (Carol, 1947; Hooke et al., 1972) . Given a mean summer ablation rate of 0.05 m w.e. d -1 , over a 1 m 2 area, the debris-rich basal ice could potentially store 0.02 m w.e. d -1 , supplying 0.03 m w.e. d -1 to the till and/or subglacial drainage system. This layer would have filled during the early part of the summer. It may then provide both slow flow, as water moves through the layer, and fast flow, via the downward extension of crevasses and moulins from the ice above (Fountain et al., 2005; Gulley et al., 2009) .
Subglacial water flow
Theoretically, the subglacial hydrological system comprises both drainage through the till and at the ice-till interface. The high water pressures recorded by the probes, combined with high basal reflectivities in GPR data showed that 85% of the bed constituted saturated till. In comparison, a study at Briksdalsbreen, Norway, showed that only 55% of the glacier bed was underlain by saturated till (Hart et al., 2011a) . The high percentage of saturated till recorded at Skálafellsjökull indicates a high till water storage capacity. Slow water flow (Darcian flow) will exist in the till and unconnected water bodies may also form (Fountain and Walder, 1998) .
Borehole video footage and drainage events demonstrated that only a few boreholes intersected with a connected subglacial drainage system. The reflectivity study showed that approximately 6% of the study area each year was underlain by water bodies (Table VII) . The bed appears to have a high number of small high reflective areas, whose spatial arrangement fits best as a series of braided channels, aligned parallel with the ice flow direction and with a gradient of 2.6°(s.d. 0.8). The hydraulic potential modelling showed this direction of flow was maintained throughout the year, with the exception of spring when water could flow north, towards the centre-line of the glacier. We have shown that at Skálafellsjökull, surface melt water passes via crevasses and moulins to the bed, rather than through a slow connected englacial void system. Water is stored in the debris-rich basal ice layer, till, and at the icebed interface. The latter is a combination of disconnected water bodies and subglacial braided channels that flow perpendicular with the glacier margin (in the direction of ice flow), and emerge at Sultartungnajökull, the south-eastern tongue of the glacier, where there is a major outlet river (Figure 1(b) ).
Conclusion
Using GPR, field observations and instrumentation, this study has determined the internal structure of the glacier, and we present a hydrological model of Skálafellsjökull. The main glacier body has a very low water content (with high macroporosity) and the base consists of a thin debris-rich basal ice layer with a 2% water content. The glacier itself is underlain by till.
Since the glacier has a very low water content and high macro-porosity, meltwater reaches the bed almost entirely by fast flow, via crevasses and moulins. Once the water is at the bed it is stored within the debris-rich basal ice layer, as well as in the till and/or in disconnected bodies at the ice-bed interface. These elements also facilitate slow subglacial flow. In addition, there may be braided channels at the ice-bed interface which are oriented with ice flow direction, but parallel with the ice margin. These follow hydraulic potential gradients when water pressures were high during much of the year. A glacier of this nature has little storage capacity, and so has the potential to respond rapidly to changes in melt-water inputs.
